Using the patch-clamp technique, we have identified an intermediate conductance Ca 2ϩ -activated K ϩ channel from bullfrog (Rana catesbeiana) erythrocytes and have investigated the regulation of channel activity by cytosolic ATP. The channel was highly selective for K ϩ over Na ϩ , gave a linear I-V relationship with symmetrical 117.5 mM K ϩ solutions and had a single-channel conductance of 60 pS. Channel activity was dependent on Ca 2ϩ concentration (K 1/2 ϭ 600 nM) but voltage-independent. These basic characteristics are similar to those of human and frog erythrocyte Ca 2ϩ -activated K ϩ (Gardos) channels previously reported. However, cytoplasmic application of ATP reduced channel activity with block exhibiting a novel bell-shaped concentration dependence. The channel was inhibited most by ϳ10 M ATP (P 0 reduced to 5% of control) but less blocked by lower and higher concentrations of ATP. Moreover, the novel type of ATP block did not require Mg 2ϩ , was independent of PKA or PKC, and was mimicked by a nonhydrolyzable ATP analog, AMP-PNP. This suggests that ATP exerts its effect by direct binding to sites on the channel or associated regulatory proteins, but not by phosphorylation of either of these components.
INTRODUCTION
A wide variety of Ca 2ϩ -activated K ϩ channels have been identified in many different tissues and these channels play important roles in many cell functions. It is well known that these channels are regulated by membrane voltage and cytosolic calcium (see Latorre et al., 1989; McManus, 1991 for review) . In addition to their regulation by voltage and calcium, there is increasing evidence that Ca 2ϩ -activated K ϩ channels are also regulated by neurotransmitters, hormones, lipids, and nucleotides. (see Toro and Stefani, 1991 for review). In the case of nucleotides, ATP has been shown to regulate the activity of several Ca 2ϩ -activated K ϩ channels via protein phosphorylation and by other mechanisms (see Levitan, 1994; Hilgemann, 1997 for review). However, the regulatory characteristics and mechanisms involved in the modulation of Ca 2ϩ -activated K ϩ channels, especially IK-and SK-channels, by ATP are still unclear.
The Gardos channel present in erythrocytes (Hamill, 1983; Grygorcyzk and Schartz, 1983 ) is now categorized as an SK (Ca) channel (Latorre et al., 1989; McManus, 1991) , and underlies the Ca 2ϩ -activated K ϩ permeability in human erythrocyte treated with glycolytic inhibitors (ATP-depleted cell) (Gardos, 1958) . In addition to Ca 2ϩ and voltage, it has been reported that the channel was regulated by ATP via cAMP-mediated and nonmediated phosphorylation (Romero et al., 1990; Romero and Rojas, 1992) .
In this report, we have identified an intermediate conductance Ca 2ϩ -activated K ϩ channel on bullfrog erythrocytes using the patch-clamp technique and investigated the regulation of channel activity by intracellular ATP.
MATERIALS AND METHODS

Erythrocyte preparation
Fresh blood was obtained from double-pithed bullfrogs (Rana catesbeiana, purchased from Hokusetsu Sangyo, Osaka, Japan) with heparinization. The cells were washed once or twice in the Na ϩ -rich solutions containing 100 M Ca 2ϩ (see below) and put on a coverslip coated with a cell adhesive (Cell-Tak, Becton Dickinson Labware, Bedford, MA).
Measurement of single-channel activity
Patch-clamp experiments were performed as previously described (Sohma et al. 1996 (Sohma et al. , 1998 . Single-channel recordings were obtained from excised, inside-out patches using an Axopatch 200A patch-clamp amplifier (Axon Instruments, Inc., Foster City, CA). Patch pipettes were pulled from borosilicate glass capillaries (GC120F15, Clark Electromedical Instruments, Pangbourne, UK) using a vertical electrode puller (PP-83, Narishige Scientific Instrument Laboratories, Tokyo, Japan) and had resistance of between 7 and 11 M⍀ after fire polishing. The coverslip on which erythrocytes were adhered was put in a bath chamber placed on the stage of an inverted microscope (Diaphoto-TMD, Nikon, Tokyo, Japan) mounted on a vibration-isolation table (ORE-1290, Showa Electric Wire and Cable Co., Tokyo, Japan). The pipette was advanced to the cell surface using a three-dimensional hydraulic micromanipulator (MW-3, Narishige Scientific) under direct observation (ϫ400). Giga seal formation (3-7 G⍀) was achieved by application of light suction to the pipette interior, although seals formed spontaneously on rare occasions. After sealing, the inside-out configuration was achieved by withdrawing the pipette tip from the cell. The tissue bath was grounded, and potential difference across excised, inside-out patches (V m ) was referenced to the extracellular face of the membrane. The observed current records were stored on videotapes using a modified digital audio processor for off-line analysis.
The Na ϩ -rich solution had the following composition: 115 mM NaCl, 2.5 mM KCl, 10 mM HEPES, with various concentration of free Ca 2ϩ at pH 7.4. The K ϩ -rich solution contained: 117.5 mM KCl, 10 mM HEPES, with various concentration of free Ca 2ϩ at pH 7.4. A buffer system that contained 2 mM EGTA and variable amounts of CaCl 2 was used to stabilize free-Ca 2ϩ concentration. The free-Ca 2ϩ concentrations in these solutions were calculated using EQCAL program (Biosoft, Cambridge, UK). For the pipette solution, the K ϩ -rich solution with no CaCl 2 and 2 mM EGTA, or with 2 mM Ca 2ϩ was used with filtering through a 0.2 m membrane filter.
In some experiments, 2 mM MgCl 2 or 4 -400 M LiCl was added to the bath solution. Sodium adenosine-5Ј-monophosphate (Na 2 AMP, Sigma, St. Louis, MO), sodium adenosine-5Ј-diphosphate (Na 2 ADP, Sigma), sodium adenosine-5Ј-triphosphate (Na 2 ATP, Sigma), magnesium adenosine-5Јtriphosphate (MgATP, Sigma) and a non-hydrolyzable ATP analog, 5Јadenylyl imidodiphosphate lithium salt (AMP-PNP, Sigma; approx. 95% purity and containing 4 -5.2% lithium) were dissolved in the Na ϩ -rich solution containing 2 mM CaCl 2 and no EGTA and pH was readjusted to 7.4. Because AMP-PNP was added in the form of a lithium salt (4 Li ϩ per molecule), we confirmed that addition of 4 -400 M Li ϩ (LiCl) did not affect the channel activity significantly (data not shown). This means that Li ϩ made little contribution to the inhibitory effect of AMP-PNP. A specific protein kinase A (PKA) inhibitor amino)ethyl]-5-isoquinolinesulfonamide, HCl} (H-89, Calbiochem-Novabiochem, La Jolla, CA), a specific protein kinase C (PKC) inhibitor {2-[1-(3-Dimethylaminopropyl)-1 H-indol-3-yl]-3-( 1 H-indol-3-yl)maleimide, HCl} (Bisindolylmaleimide I, Hydrochloride, Calbiochem-Novabiochem) and an ATP-sensitive K ϩ channel inhibitor (Glibenclamide, Sigma) were used in required experiments. H-89 and glibenclamide were dissolved in dimethyl sulfoxide (DMSO, Sigma) and added in the bath solution with a final concentration of 0.1% DMSO, which, alone, did not affect channel activity. All other chemicals were purchased from commercial sources and were of the highest purity available.
We had experimental problems in obtaining and maintaining the gigaseal. Therefore, we used a Ca 2ϩ -free pipette solution for obtaining the giga-seal regularly (Hamill, 1983; Christophersen, 1991) . We also confirmed that, in some patches with the pipette solution containing 2 mM Ca 2ϩ , the ATP block occurred in the same way and pooled the data. For maintaining the giga-seal over a long period, we usually recorded singlechannel currents at V m ϭ Ϫ20 mV, a small hyperpolarized potential (see , and used the data at V m ϭ Ϫ20 mV for normalizing the data obtained at other V m (see Fig. 2 C) . Note that the channel activity was virtually voltage independent (see Fig. 2 C) .
All experiments were performed at room temperature (21-23°C) between March and November. It was hard to find channel activity on the untreated erythrocytes during the wintertime (from December to February).
Data analysis
The recorded currents were filtered at 200 or 1 kHz by an 8-pole lowpass Bessel filter (Model LPF902, Frequency Devices, Haverhill, MA) and sampled at 5 kHz by an A/D interface (Digidata 1200, Axon Instruments, Inc., Foster City, CA). The digitized current records were analyzed using a two-threshold transition algorithm that used a 50% threshold-crossing parameter to detect events. The acquisition and analysis of the data were performed with pClamp 6.0 software (Axon Instruments, Inc.).
Channel activity was determined by NP 0 that was calculated as
where N is the number of active channels in the patch, P 0 is the open channel probability, and t n is the fractional open time at each (nth) current level.
For estimating the open probability, P 0 , from NP 0 data in some experiments (see e.g., Fig. 2 B) , we assumed that the total number of channels present in a patch (N) was equal to the maximum number of simultaneous current transitions. However, we should note that this assumption causes an over-estimation of P 0 in low P 0 data. Because the channel activity was quite low (see Fig. 2 B) , it was not always possible to estimate the number of channels accurately. Therefore, we usually quote NP 0 values for evaluating the activity of the channels present in patches.
To summarize and compare NP 0 data obtained from different patches, NP 0 data in the cytoplasmic Ca 2ϩ -sensitivity experiments (see Fig. 3 B) were normalized to the value with 100 M Ca 2ϩ in each patch, a concentration in which the channel shows the maximum activity. The voltage dependence of channel activity (see Fig. 2 C) was expressed by normalizing the NP 0 value to that obtained at V m ϭ Ϫ20 mV. NP 0 data in the ATP (see Figs. 4 and 5), the AMP-PNP analog (see Fig. 6 ) and the AMP and ADP (see Fig. 7 ) experiments were also normalized to the control value (no nucleotide) for the same reason.
The normalized NP 0 data in ATP and AMP-PNP experiments were fitted by a competitive inhibition curve described below (see Discussion for detail), using least squares regression analysis.
where X is ATP or AMP-PNP, NP max is the maximum normalized value of NP 0 , K d1 and n1, and K d2 and n2 are the dissociation constant and the Hill coefficient of the blocking and relieving effects by X, respectively. The normalized NP 0 data in ADP experiments were fitted by a singlebinding site-inhibition curve described below, using least squares regression analysis.
where NP max is the maximum normalized value of NP 0 , K d1 and n1 are the dissociation constant and the Hill coefficient of the ADP block, respectively. Significance of difference between means was determined using Student's paired or unpaired t-test. The level of significance was set at p Յ 0.05. All values are expressed as mean Ϯ SE (number of observations). Figure 1A shows single-channel currents recorded from inside-out patches excised from the bullfrog erythrocytes. In these experiments, the cytoplasmic surface of membrane patches was bathed in solutions containing 100 M Ca 2ϩ , and the channel showed brief opening events of 10-ms duration divided by relatively long closed periods of 50 -500-ms duration. Occasionally longer closures lasting a few seconds were also observed. We usually did not observe channel activity in cell-attached patches. However, once channel activity appeared after patch excision, the channel maintained a stable activity for more than 20 min or until the giga-seal was broken (without cytoplasmic Mg 2ϩ and ATP) and glibenclamide (10 -100 M) failed to suppress channel activity. With a Na ϩ -rich solution bathing the cytoplasmic face and a K ϩ -rich solution bathing the extracellular face of the membrane, there was a marked inward rectification of the single-channel currents, and outward currents were not detected. Under these conditions, the reversal potential was more positive than ϩ 40 mV, indi-cating that the channel is predominantly K ϩ selective since K ϩ is the only ion present with a positive equilibrium potential. When membrane patches were bathed in symmetrical K ϩ -rich solutions, the I/V relationship was approximately linear and the single-channel conductance was 56 Ϯ 6 pS (n ϭ 6 patches). This is consistent with a previous report of Ca 2ϩ -activated K ϩ channel of frog erythrocytes (Hamill, 1983) . Application of 2 mM MgCl 2 to the cytoplasmic face did not significantly affect the I/V relationship ( Fig. 1 C) or the channel activity (data not shown). This suggests that this channel is not a member of the inward rectifier K ϩ channel family (see Nichols and Lopatin, 1997 for review) .
RESULTS
Basic characteristics of the channel
The open probability (P 0 ) of the channels under the same condition, bathed with a saturating cytoplasmic Ca 2ϩ concentration (100 M, see Fig. 3 B) , varied widely from Ͻ0.1 to 0.9 (Fig. 2, A and B) , although most of the channels showed an open probability of Ͻ 0.5 (Fig. 2 B) . Note that the data are presented as P 0 , not NP 0 . Although P 0 was variable, the single-channel conductance, ion selectivity, and the responses to cytoplasmic Ca 2ϩ , ATP, and AMP-PNP were basically the same among the channels with different open-state probability values.
Figure 2 C shows the voltage dependence of channel activity at V m between Ϫ80 and ϩ80 mV. When the cytoplasmic face of the membrane was exposed to a saturating Ca 2ϩ concentration (100 M), NP 0 was virtually voltage independent within the range of V m tested. This poor voltage dependence is consistent with the previous reports of the Ca 2ϩ -activated K ϩ channel of human erythrocytes (Grygorcyzk and Schartz, 1983) . Figure 3 A shows single-channel currents recorded from two different inside-out patches at V m ϭ Ϫ20 mV bathed in asymmetrical K ϩ -rich solutions containing two different bath Ca 2ϩ ([Ca 2ϩ ] bath ) concentrations. The patch shown in Fig. 3 A(a) contained channels with high activity, and the patch shown in Fig. 3 A(b) contained a channel(s) with low activity. Lowering the [Ca 2ϩ ] bath from 1 to 0.1 M decreased the activity of these channels with different (i.e., high and low) activities in the same way. With a Ca 2ϩ -free bath solution (0 Ca 2ϩ plus 2 mM EGTA), no opening events were detected (data not shown). [Ca 2ϩ ] bath ϭ 10 M with a half maximum value of 600 nM. Note that the channel activity is expressed as NP 0 , normalized to the value with 100 M Ca 2ϩ . These results are consistent with previous reports about the Ca 2ϩ dependence of the Ca 2ϩ -activated K ϩ channel of frog erythrocytes (Hamill, 1983 ) and of human erythrocytes (Grygorcyzk et al., 1984; Leinders et al., 1992a,b) .
Taken together, these data demonstrate that this channel is very similar to the intermediate conductance Ca 2ϩ -activated K ϩ channels previously identified in frogs (Rana pipiens) by Hamill (1983) , and corresponds to the intermediate conductance Ca 2ϩ -activated Gardos K ϩ channel in human erythrocytes (Gardos, 1958; Grygorcyzk and Schartz, 1983) .
Effects of ATP on single-channel activity
We investigated the effects of cytoplasmic ATP on singlechannel activity. For these experiments, we used the Na ϩrich bath solution containing 2 mM CaCl 2 and no EGTA to avoid any changes in channel activity caused by a reduction in free Ca 2ϩ concentration by ATP-chelation (Kloekner and Isenberg, 1992) . It should be also noted that the bath solution was normally Mg 2ϩ -free. Figure 4 A shows a continuous single-channel recording obtained from an inside-out patch and the response to the sequential application of 10 M and 1 mM Na 2 ATP to the bath solution. The initial application of 10 M Na 2 ATP to the cytoplasmic face of the patch suppressed channel activity that was fully recovered by washing out the Na 2 ATP. However, the application of a higher concentration (1 mM) of Na 2 ATP, to the same patch did not affect channel activity significantly ( Fig. 4 A) . Figure 4 B shows single-channel data recorded under a faster time base, from an inside-out patch in the presence of 1 mM and 10 M Na 2 ATP sequentially added in the inverted order of Fig. 4 A. The initial application of 1 mM Na 2 ATP did not affect channel activity significantly, whereas the sequential application of 10 M Na 2 ATP to the same patch suppressed channel activity, which was fully recovered by washing out the Na 2 ATP (Fig.  4 B) . Figure 4 C summarizes the effects of Na 2 ATP on channel activity. ATP blocked the channel in a biphasic, concentration-dependent manner. ATP dose-dependently inhibited the channel at concentrations Ͻ10 M. However, increasing ATP concentration above 100 M relieved the ATP block and the nucleotide did not affect channel activity significantly at concentrations Ͼ1 mM.
ATP did not cause these effects via Ca 2ϩ -chelation, because the free-Ca 2ϩ concentration of the bathing solution used in these experiments was always much higher than the Ca 2ϩ concentration required for maximum channel activity (100 M). Moreover, Ca 2ϩ -chelation cannot explain the relief of the block at ATP concentrations Ͼ100 M.
We also tested the effects of cytoplasmic ATP on singlechannel activity under a physiological Ca 2ϩ concentration. Keeping [Ca 2ϩ ] bath constant at 0.1 M, ATP blocked the channel in the same way, i.e., application of 10 M Na 2 ATP decreased NP 0 from 0.074 Ϯ 0.005 (in control) to 0.007 Ϯ 0.003 (9 Ϯ 4% of control), whereas application of 1 mM Na 2 ATP did not affect channel activity significantly (NP 0 ϭ 0.073 Ϯ 0.007) (n ϭ 5 patches).
Effects of PKA/PKC inhibitors on ATP block
We next tested the effects of protein kinase inhibitors on the ATP block. Figure 5 A shows typical single-channel current recordings obtained from inside-out patches in response to Na 2 ATP in the presence of a PKA-specific inhibitor, H-89 and a PKC-specific inhibitor, Bisindolylmaleimide I. Neither the PKA inhibitor or PKC inhibitor alone affected channel activity significantly. However, application of 10 M Na 2 ATP suppressed channel activity in a similar manner to that seen in the absence of inhibitor ( Fig. 5 A, b and d) ; in contrast, 1 mM Na 2 ATP did not change channel activity (Fig. 5 A, a and c) . Figure 5 , B and C, summarizes the effects of the PKAand PKC-specific inhibitors on the ATP block, respectively. When compared to control experiments (Fig. 4 C) , application of the PKA inhibitor or the PKC inhibitor in addition to the Mg 2ϩ -free condition (absence of co-substrate), had no significant effect on the ATP block over the whole ATP concentration range tested. This was for both the inhibitory phase of the dose-response, at low ATP concentrations, and the relieving phase at higher ATP concentrations, indicating that protein phosphorylation by PKA or PKC is not involved in the response to ATP.
Effects of AMP-PNP on single-channel activity
Finally we tested the effects of the non-hydrolyzable ATP analog, AMP-PNP, on channel activity. Figure 6 shows single-channel current recordings obtained from an insideout patch in response to 10 M and 1 mM AMP-PNP sequentially added to the bath solution. The initial application of 10 M AMP-PNP to the cytoplasmic face of the patch suppressed channel activity. However, application of a higher concentration (1 mM) of AMP-PNP to the same patch did not suppress channel activity (Fig. 6 A) . Figure  6 B summarizes the effects of the nonhydrolyzable ATP analog on channel activity. AMP-PNP decreased NP 0 in a biphasic manner similar to ATP within a similar concentration range. AMP-PNP maximally inhibited channel activity at a concentration around 10 M (14 Ϯ 4% of normalized NP 0 in control), with less inhibition at lower and higher concentrations than 10 M. We also confirmed that the Fig. 6 B with Fig. 4 B) , whereas the activity/concentration curve in the AMP-PNP experiments would be expected to shift at least 100-fold in the opposite direction, if this were the case. The slight difference in concentration-dependence between AMP-PNP block and ATP block might come from difference in molecular structure between AMP-PNP and ATP.
The fact that the nonhydrolyzable ATP analog could mimic the effect of ATP suggests that ATP affects the channel activity by direct ligand binding and not by phosphorylation of the channel or associated control sites.
Effects of ADP and AMP on single-channel activity
Next we tested the effects of ADP and AMP on channel activity. Figure 7 A shows single-channel current recordings obtained from an inside-out patch in response to 1 M and 1 mM ADP sequentially added to the bath solution. The application of Na 2 ADP to the patch concentration-dependently suppressed channel activity, which was fully recovered by washing out the Na 2 ADP . Figure 7 B summarizes the effects of ADP and AMP on channel activity. In contrast to ATP, ADP blocked the channel in a simple concentration-dependent manner with the dose-response giving a K d ϭ 71 nM and a Hill constant of 0.82. AMP had no effect on channel activity over the concentration range 100 nM to 1 mM. The concentration dependence of the ADP block was similar to the inhibitory phase of the ATP block, although the K d value is one-tenth of that found for the ATP block. However, unlike the ATP response, increasing the concentration of ADP to between 100 M and 1 mM failed to relieve the block. It should be also noted that application of 1 mM ATP failed to relieve the block induced by 10 M ADP (five out of five attempts, data not shown). These results suggest that the inhibitory mechanism by adenine nucleotides might involve a binding site that has a higher affinity for ADP than ATP but no significant affinity for AMP.
DISCUSSION
In this report, we have identified an intermediate conductance Ca 2ϩ -activated K ϩ channel from bullfrog erythrocytes using the patch-clamp technique. With symmetrical K ϩ -rich (117.5 mM) solutions, the I/V relationship was approximately linear, and the single-channel conductance was 56 Ϯ 6 pS (n ϭ 6). Cytoplasmic Mg 2ϩ did not cause inward rectification even at millimolar concentrations. The calcium-sensitivity is higher than the large conductance maxi-K ϩ channels, with the calcium concentration causing a half-maximum activation of 600 nM. These basic characteristics are almost identical to the erythrocyte Ca 2ϩ -activated K ϩ channel identified on frog (Rana pipiens) eryth- rocytes (Hamill, 1983) and similar to those of the human Gardos channel (Grygorcyzk and Schartz, 1983 ). We conclude that the bullfrog erythrocyte Ca 2ϩ -activated K ϩ channel corresponds to the Gardos channel on human erythrocytes, which has been categorized as an SK (Ca) channel (Latorre et al., 1989; McManus, 1991) .
It has been also reported that ATP regulates the activity of several Ca 2ϩ -activated K ϩ channels via phosphorylation and dephosphorylation of the channel or associated regulatory proteins, and via Ca 2ϩ -chelation (see Levitan, 1994; Hilgemann, 1997 for review) . We found that cytoplasmic ATP blocked the bullfrog erythrocyte Ca 2ϩ -activated K ϩ channel in a novel, bell-shaped concentration-dependent manner. Surprisingly, the biphasic ATP block did not require Mg 2ϩ , was not dependent on PKA and PKC, and was mimicked by a nonhydrolyzable ATP analog, AMP-PNP. Overall, our results show that ATP directly blocks the channel at low concentrations, and causes a relief of block at high concentrations by binding to sites on the channel or associated control sites.
The direct block by ATP is the specific property of ATP-sensitive K ϩ channels (see Ashcroft and Ashcroft, 1990 for review). ATP-sensitive K ϩ channels, characterized by inhibition on exposure of the cytoplasmic surface to micromolar to millimolar concentrations of ATP, have been found in a variety of cell types. Ashcroft and Ashcroft (1990) classified ATP-sensitive K ϩ channels into five categories based on their sensitivity to ATP, their regulation by intracellular Ca 2ϩ and selectivity for K ϩ , including "type 3," in which the K ϩ -selective channels were inhibited by ATP and activated by micromolar Ca 2ϩ . These type 3, Ca 2ϩ -activated, ATP-sensitive K ϩ channels have been identified on Amphiuma early distal tubule (Hunter and Giebisch, 1988) , human nasal polyps (Kunzelmann et al., 1989), rat neurons (Jiang et al., 1994) , and T84 and CF-PAC-1 cells (Roch et al., 1995) . In terms of the singlechannel conductance, the 35-pS inwardly rectifying K ϩ channel found in T84 and CFPAC-1 cells (Roch et al., 1995) is the most similar one to the bullfrog erythrocyte Ca 2ϩ -activated K ϩ channel described here (other type 3 channels have conductance of 200 -300 pS). However, ATP blocks these channels in a simple concentration-dependent manner.
The bullfrog erythrocyte Ca 2ϩ -activated K ϩ channel showed a novel biphasic (inverse bell-shaped) concentration dependence on ATP, in which channel activity was inhibited at low concentrations of ATP, but the block was relieved at high ATP concentrations. Various ATP-sensitive K ϩ channels have been reported to also show a biphasic ATP sensitivity, but the concentration dependence of channel activity in these cases is opposite from what we have found (see Ashcroft and Ashcroft, 1990 for review). In these cases, ATP is thought to cause activation at low ATP concentrations by phosphorylation and direct inhibition at high ATP concentrations (Nichols and Lederer, 1991) . This is inconsistent with the mechanism of ATP block in the bullfrog erythrocyte Ca 2ϩ -activated K ϩ channels.
A possible model of the ATP block
As discussed above, the biphasic response of channel activity to ATP is thought to be caused by a direct ligandbinding mechanism. Channel activity at high (millimolar) ATP concentrations reaches approximately the same level as the control experiments (normalized NP 0 ϭ 1). Moreover, the effects of ADP (Fig. 7) suggested that the channel had an independent binding site for blocking the channel.
To explain the biphasic ATP block, we propose a "competitive inhibition" model that has two different ATP binding sites; a blocking site, which, with ATP bound, leads to channel block, and a relieving site, which, when ATP is bound, prevents ATP binding to the blocking site. The affinity of ATP for the blocking site (K d ϭ ϳ0.7 M) is much higher than that for the relieving site (K d ϭ ϳ40 M). The Hill coefficient of ATP binding to the blocking and the relieving sites are 0.94 and 2.8, respectively (Fig. 4) . Therefore, as a simple interpretation (Fig. 8) , over the ATP concentration range lower than 10 M, the channel is blocked by a single ATP molecule binding to the blocking site, whereas, at ATP concentrations higher than 100 M, three ATP molecules bind to the relieving site and prevent ATP binding to the blocking site, perhaps via a conformational change of the blocking site. The blocking site also has a 10-fold higher affinity for ADP than for ATP, however, the relieving site does not have a significant affinity for ADP ( Fig. 7) . Both binding sites have no significant affinity for AMP ( Fig. 7) whereas AMP-PNP binds to each site with a slightly different affinity than ATP (Fig. 6 ). The failure of 1 mM ATP to relieve the block induced by 10 M ADP (data not shown) does not exclude the competitive inhibition model, although it may indicate that the model is not complete.
We cannot exclude some other possible models, e.g., a two-independent (blocker and activator) site model or a substrate inhibition model. However, we believe a twoindependent site model is unlikely because channel activity (NP 0 ) reaches approximately the same level at high (millimolar) ATP concentration as the initial control value (in the absence of ATP). Because control NP 0 values varied widely in our experiments (NP 0 : 0.06 -0.5, see Fig. 4 C) , it would seem more likely that, at high ATP concentration, when the activator site would be fully occupied, we would expect the NP 0 values to be several-fold higher than the original control values, especially in channels with low activity, but this was not the case.
In the substrate inhibition model, it is very unlikely that the substrate inhibits the effects of the same substrate completely, even at high substrate concentrations. Therefore, both models are less likely than the competitive inhibition model. The physiological role of this K ϩ channel is still unclear. However, because its basic characteristics are comparable to those of the Gardos channel, it is speculated that this channel might play a role in the regulation of cell volume and ion content in the erythrocyte (see Brugnara, 1997 for review).
In conclusion, we have identified an intermediate conductance Ca 2ϩ -activated K ϩ channel on bullfrog erythrocytes, which is blocked by ATP in a novel, biphasic (bellshaped) concentration-dependent manner probably by direct ligand binding of ATP to the channel protein or associated regulatory proteins.
